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Comparative genomic hybridization (CGH) reveals a neo-X chromosome and biased gene movement in stalk-eyed flies (Genus Teleopsis). PLoS Genet. 6, e1001121. New genes arise from pre-existing genes, but some de novo origin from non-genic sequence also seems plausible. A new study has surprisingly concluded that 25% of random DNA sequences yield beneficial products when expressed in bacteria. -Franç ois Jacob [1] When Franç ois Jacob wrote that ''Nature is a tinkerer, not an inventor'' in a famous essay [1] , his point was that evolution works only with material immediately at hand, not with the foresight of an engineer. He emphasized the role of gene duplication in creating new genes with new functions; while doing so, he strongly
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Dispatches discounted the possibility that new genes could arise de novo from non-genic DNA sequence. Jacob's tinkerer repurposes bicycle wheels and broken chairs to make roulettes and radio cabinets, but doesn't melt junk down to get fresh raw materials. But is it really so improbable for new genes to arise from random sequence? A new study by Rafik Neme and colleagues [2] is the latest in a growing body of work that aims to address this question experimentally.
Various observations have invigorated thinking about the possible de novo origin of genes, a field in which Jacob's essay tends to be quoted as a devil's scripture. In vitro selection experiments show that it is surprisingly easy to obtain functional RNAs and proteins from random sequence libraries [3, 4] . Genomics has found widespread low-level transcription of many apparently non-coding and non-conserved RNAs [5] , and these 'non-coding' transcripts are often detectably translated at low levels to peptides [6] . There does seem to be abundant raw material to tinker with after all. Anne-Ruxandra Carvunis and coworkers [7] introduced the useful concept of a 'protogene', a gene born from non-genic sequence by random processes without selection. To form a protogene, three barriers must be overcome ( Figure 1 ): a piece of random DNA sequence is transcribed, the RNA transcript is translated (for protein-coding genes, anyway, as opposed to functional RNAs), and the protein product has at least some beneficial function. A protogene is the earliest stage of a de novo gene origin that has a beneficial phenotype that selection can begin to act on.
People who think about the probability of extraterrestrial life have a concept called the 'Drake equation', which breaks the problem down into a product of steps that can be individually argued about: the number of stars, times the probability that a star has an Earth-like planet, times the probability that life originates on an Earthlike planet, and so on. Analogously, we might invoke a Drake-like 'protogene equation' with three terms that can be considered individually, for the probability of transcription, translation, and functionality of random sequences. Experiments using random sequences to investigate de novo gene origin can be viewed as attempts to measure one of these terms.
For example, in 2013 one of us [8] proposed a 'random genome project', a gedanken control experiment in response to debate over the significance of widespread low-level transcription of apparently non-coding RNAs: that as a null hypothesis, it would be informative to systematically characterize the transcriptional output of a large synthetic random DNA sequence in a variety of cell types, with the predicted result that specifically expressed RNA products would occur frequently in a random genome [9] . The Random Genome Project primarily addresses transcriptional noise, the first term of the protogene equation.
In their new study, Rafik Neme and colleagues [2] have used random DNA sequences to address the third term, functionality. They clone a library of synthetic random 150 nucleotide DNA sequences into an expression plasmid under control of a strong inducible promoter and ribosome binding site. When induced, each plasmid expresses a $500 nucleotide-long RNA (150 of which are random) encoding a 62 aminoacid protein (50 of which are random). Because the vector provides strong transcription and translation signals, the first and second terms of the protogene equation are bypassed. In contrast to in vitro selection experiments that select for specific functions, the experiment aims to ask how many random sequences have 'functions' in the sense of conferring a measurable growth-rate phenotype on the host bacterial cell.
E. coli cells expressing different random sequences were grown as a mixed population in competition with each other, under constant IPTG induction in standard lab conditions. The pool of random DNA inserts was sequenced at the beginning and end of competitive growth, with each insert sequence acting as its own unique bar code. The relative abundance of each different insert was then measured by counting sequence reads. Insert sequences that increased in frequency are assumed to have faster growth rates and were deemed to be 'beneficial', whereas insert sequences that decrease in frequency were classed as 'deleterious'. Out of a few thousand random DNA sequences analyzed, 75% were found to be differentially enriched or depleted over the course of competitive growth. Surprisingly, 25% were enriched, and therefore seemed to have a beneficial effect on E. coli growth rate when expressed as RNA or protein.
That random sequences have deleterious effects is not so surprising in an experiment that drives their expression at high levels. From a cellular resource standpoint alone, a multicopy expression plasmid under constant IPTG induction is costly to the host. It's also easy to imagine a highly expressed random RNA or protein sequence gumming up the works somehow, by aggregation or otherwise interfering with some cellular component. It's the finding that 25% of random sequences are beneficial that is of particular interest. It appears to suggest a high probability in the third term of the protogene equation -but it's unexpected, because one would think that improving on R662 Current Biology 27, R642-R666, July 10, 2017
Current Biology Dispatches an already highly adapted E. coli would be difficult. For example, beneficial mutations occur relatively rarely in quantitative longterm in vitro evolution experiments in E. coli [10] . In this regard, we think there are two important caveats to this observation. One issue is that because the experiment measures relative (normalized) frequency changes in competitive growth conditions, the change in frequency of a sequence depends on its growth rate relative to every other random sequence in the pool. Even assuming that drift is negligible, as Neme et al. [2] argue, sequence enrichment does not mean that a sequence is beneficial relative to wildtype E. coli, only that it was better than other random sequence competitors. It could be that all the random sequences are deleterious to E. coli, but some are less deleterious than others, and these would rise to higher relative frequencies. Neme et al. [2] address this issue by choosing three individual beneficial sequences and showing that all three individually outcompete the 'empty vector'. This raises a second issue: the vector without insert is neither empty nor innocuous. The vector (pFLAG-CTC) carries strong transcription and translation signals. It drives IPTGinducible expression across its multiple cloning site, producing a $350 nucleotide RNA and a 38 amino-acid open reading frame at high levels. Neme et al. [2] do not observe these products because they assay expression by western blot with an anti-FLAG-tag antibody, but the FLAG tag in the vector without insert is out of frame by design. Because high-level expression of any exogenous plasmid-encoded sequence is detrimental to the E. coli host, under these conditions a beneficial random sequence could include anything that decreases RNA or protein expression levels relative to the vector without insert, for instance by base-pairing complementarity to the translation initiation site. Indeed, all three beneficial clones seem to show strongly reduced protein expression relative to the population average of the library.
Although we have reservations about the correctness of the conclusion of Neme et al. [2] that 25% of their random sequences have beneficial effects on E. coli growth rate, a body of work from these and other authors does suggest that each of the three terms in the protogene equation are high enough to be measurable in laboratory experiments, and thus could easily be relevant on evolutionary timescales. Franç ois Jacob was correct that gene duplication and divergence is a dominant force in gene evolution, but his personal intuition about the odds of new genes arising de novo may have been simply wrong. Experiments studying the transcription, translation, and functionality of random sequences are proving to be fruitful territory, replacing Jacob's intuition with experimental data.
